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INTRODUCTION
Corrosion of steel strands and reinforcement is one of the major reasons the structural integrity of prestressed concrete bridges is compromised before the bridges reach their full life span. The viable solution to eliminate the corrosionrelated problems associated with conventional prestressed and reinforced concrete bridges is the application of fi berreinforced polymer (FRP) materials. The high strength-toweight ratio, superior fatigue resistance, ease of handling, low thermal expansion, and low relaxations are some of the advantages of the FRP materials over conventional steel reinforcement. These excellent characteristics made carbon fi ber-reinforced polymers (CFRPs) a potential future construction material in the bridge construction industry.
The various types of I-beam cross sections specifi ed in AASHTO 1 have been extensively used in the recent construction of prestressed concrete bridges. 2 Features such as a simpler cross section, higher fl exural capacities, and reduced manufacturing costs make the AASHTO beam a modest choice for constructing long-span bridges. In addition, FRP materials can help sustain a longer life span with minimal maintenance costs. To adopt the innovative CFRP materials in the bridge construction industry, thorough investigations are essential; however, an extensive review of the literature reveals that limited research is available on the application of CFRP materials in AASHTO-type beams.
In 1997, Fam et al. 3 tested fi ve I-beams prestressed and reinforced with CFRP materials with a span of 9.5 m (30.5 ft) and one conventionally reinforced beam prestressed and reinforced with steel with the same geometry and span. In this study, it states that the fl exural behavior of the beams prestressed with CFRP strands exhibited stiffness similar to the beam prestressed with steel strands. Also, the variation of the web reinforcement ratio did not signifi cantly infl uence the fl exural behavior of the beams, and the failures were controlled by bending capacity. Further, the shape of the stirrups did affect the shear failure of the beam.
To further investigate the load-defl ection relationship of concrete beams fully prestressed with CFRP, Abdelrahman and Rizkalla 4 conducted an experimental study that included four prestressed concrete T-beams with a total length of 6.3 m (21 ft) and a depth of 330 mm (13 in.) . The results of the study show that the load-defl ection relationship of these beams was bilinear up to failure, and negligible residual deformations were experienced during the tests.
To provide guidelines in the design and construction of the Bridge Street Bridge-the fi rst concrete bridge prestressed with CFRP materials in the United States-Grace et al. 5 conducted a full-scale test on a CFRP prestressed doubletee beam. It was concluded that the anticipated prestressing levels were maintained during the test. The strain-compatibility-based Unifi ed Design Approach was proposed by Grace and Singh, 6 which was validated by experimental results conducted on a double-tee beam bridge model reinforced and prestressed using carbon fi ber composite cable (CFCC) strands. Furthermore, a compression-controlled failure mode was recommended as the design failure mode for CFRP prestressed concrete beams. 7 This recommendation was based on the better ductility characteristics of overreinforced sections. Also, an ultimate concrete compressive strain of 0.0025 was reported, as experienced in the experimental work.
In typical designs of concrete highway bridges prestressed with conventional reinforcement, tension-controlled failure mode dominates, as higher ductility is exhibited by yielding of the steel reinforcement. CFRP, however, is a brittle material exhibiting a linear stress-strain relationship up to rupture. Because a compression-controlled failure mode provides better ductility than a tension-controlled failure mode in terms of extensive defl ections, ACI 440.1R-06 8 recommends a compression-controlled design failure mode for the concrete bridges reinforced and prestressed with the CFRP materials. In this experimental investigation, therefore, the compression-controlled design failure mode was adopted.
RESEARCH SIGNIFICANCE
The experimental study presented in this paper explains the design philosophy, construction techniques employed, and fl exural performance of AASHTO I-beam and bridge model reinforced and prestressed with CFCC strands. Experimental results of this investigation were validated with the Unifi ed Design Approach. 6 This investigation also compliments the ongoing research on merits gained by using the CFRP reinforcement for the construction of highway bridges. Further, the results presented in this paper should allow engineers and designers to take full advantage of this potential, emerging technology to overcome the corrosionrelated problems in the current practice of AASHTO-type beam bridges.
CONSTRUCTION DETAILS
The control beam and bridge model was constructed, instrumented, and tested at the Center for Innovative Materials Research (CIMR) at Lawrence Technological University (LTU). The AASHTO Type IV I-beams 9 were designed as over-reinforced sections as per the fl exural design philosophy 8 to be used in the experimental investigation. The one-third-scale (1:3.6) control beam consisted of a single precast prestressed AASHTO I-beam with a span of 12,141 mm (39 ft 10 in.) and a 64 mm (2.5 in.) thick CFCC-reinforced composite deck slab. The cross section of the AASHTO I-beams used in this investigation was 502 mm (19.75 in.) deep with top and bottom fl ange widths of 203 mm (8 in.) and a web thickness of 95 mm (3.75 in.), as shown in Fig. 1 . The one-third-scale (1:3.6) bridge model consisted of fi ve AASHTO I-beams placed at a center-to-center distance of 502 mm (19.75 in.), joined with fi ve equally spaced 64 mm (2.5 in.) thick transverse diaphragms (404 mm [15.875 in.] in depth below the deck slab soffi t), and topped with a 2.5 m (98.75 in.) wide and 64 mm (2.5 in.) thick deck slab, 9 as shown in Fig. 2 . The structural integrity of the bridge model was ensured by extending transverse reinforcement of the diaphragms into the beams and tying protruded vertical reinforcement of the diaphragms and protruded stirrups of the beams to transverse reinforcement of the deck slab. prestressed strands. A rectangular end block 533 mm (21 in.) long, 203 mm (8 in.) wide, and 502 mm (19.75 in.) deep was provided on each side of the beams to resist bursting stresses generated during the transfer of the pretensioning forces. Moreover, confi nement in the end-block regions was provided with rectangular stirrups spaced at a center-tocenter distance of 51 mm (2 in.), as shown in Fig. 3 .
The deck slab of the bridge model was reinforced by 20 longitudinal non-prestressed CFCC strands 15.2 mm (0.6 in.) in diameter and 62 transverse non-prestressed CFCC strands 7.5 mm (0.3 in.) in diameter spaced at a center-tocenter distance of 203 mm (8 in.) . CFCC strands 7.5 mm (0.3 in.) in diameter were passed through transverse holes provided at the web of the I-beams as diaphragm reinforcement for the bridge model. The mechanical properties of the CFCC strands and stirrups are shown in Tables 1 and  2 , respectively. Because the CFCC stirrups were bent at two ends by 90 and 180 degrees, tensile strength tests were conducted on different portions of the CFCC stirrups to determine the actual strength. The minimum strength was selected as the design strength of the CFCC stirrups.
Construction of AASHTO I-beams
Upon completion of constructing the formwork for the AASHTO I-beams, CFCC reinforcement cages were assembled and placed inside the formwork. The required concrete cover (38 mm [1.5 in.] ) at the bottom of the beams was provided by attaching 76 mm (3 in.) diameter plastic circular chairs under the cages. The CFCC prestressing strands were passed through the reinforcement cages at designated layers and positioned between two bulkheads. Calibrated load cells were mounted on the prestressing strands at the dead end and connected to a data acquisition system to monitor and record the level of pretensioning forces applied. In addition, the strain gauges mounted on the prestressing strands and the pressure gauge installed on the hydraulic jack were used to monitor the applied pretensioning forces.
The pretensioning force was applied through a 305 mm (12 in.) center hole hydraulic jack positioned at the live end. A custom-made steel chair was attached to the hydraulic jack and supported on the bulkhead to transfer the reactions generated during the application of the pretensioning forces. Moreover, to verify the pretensioning force applied, elongations experienced in the CFCC prestressing strands were measured during the prestressing operation by measuring ram displacement of the hydraulic jack. Each prestressing strand was stressed to an average jacking force of 88.96 kN (20 kip) to achieve a total pretensioning force of 266.89 kN (60 kip) on each beam. The applied pretensioning force of 88.96 kN (20 kip) in each CFCC prestressing strand was approximately 30% of the average breaking load (Table 1) .
After the prestressing operation, the concrete was placed in the formwork and proper uniform compaction was achieved using three electrical pencil vibrators. The average 28-day compressive strength of the concrete was 44.82 MPa (6500 psi). After placing the concrete, the beams were wetcured by covering them with soaked burlap for 7 days. When the concrete attained the required compressive strength, pretensioning forces were released by saw-cutting the CFCC prestressed strands simultaneously from both ends of the beams.
Construction of control beam and bridge model
One of the six AASHTO I-beams was selected as the control beam and was moved to the testing area underneath a loading frame and was positioned on steel supports 762 mm (30 in.) tall, measuring 356 x 1372 mm (14 x 54 in.). Elastomeric bearing pads 25.4 mm (1 in.) thick were placed between the beams and steel supports at each end to simulate the fi eld conditions. Upon placing the control beam under the loading frame, a CFCC-reinforced 64 mm (2.5 in.) thick and 502 mm (19.75 in.) wide deck slab was cast. The average compressive strength of the concrete for the deck slab was 44.82 MPa (6500 psi). After the concrete in the deck slab gained adequate strength, the control beam consisting of the single AASHTO I-beam and the cast-in-place deck slab was instrumented and tested for fl exure.
The other fi ve AASHTO I-beams were moved to another testing area underneath a loading frame, and the beams were positioned on steel supports to allow the construction of the deck slab and transverse diaphragms for the bridge model. The fi ve beams were maintained at a center-to-center distance of 502 mm (19.75 in.). Non-prestressing CFCC strands 7.5 mm (0.3 in.) in diameter were passed through the holes kept in the beams and epoxied to brace the beams in the transverse direction. Vertical reinforcement of the transverse diaphragm was attached to its transverse reinforcement and formwork was provided around the reinforcement. Prior to the deck slab reinforcement placement, formwork for the deck slab was attached to the beams and diaphragm formwork and supported on the ground as typically practiced in shored construction. The deck slab reinforcement consisted of 20 No. CFCC 1 × 7 φ 15.2 mm (0.6 in.) strands in the longitudinal direction and CFCC 1 × 7 φ 7.5 mm (0.3 in.) strands at 203 mm (8 in.) in the transverse direction. The concrete was placed in the diaphragms and the deck slab, and compacted properly with pencil vibrators and metallic rods. After fi nishing the top surface of deck slab the bridge model was covered with soaked burlap for 7 days. Upon hardening of the concrete for 7 days, supports of the formwork were removed. The average 28-day compressive strength of the concrete in the deck slab and the transverse diaphragms was 27.58 MPa (4000 psi).
Instrumentation and test setup
Prior to the casting of the AASHTO I-beams, electrical strain gauges were attached to the CFCC prestressing strands to measure the strain responses. After the concrete in the deck slab gained adequate strength, two linear motion transducers were installed at the quarter-span and midspan, respectively, to measure the defl ections of the control beam during the fl exural load test. Two strain gauges were mounted on the top surface of the deck slab at midspan to record the strain response of the extreme compressive concrete fi ber of the control beam. Meanwhile, to observe the strain response of the CFCC stirrups, fi ve DEMEC stations (Rosette type) were also installed at the shear-critical sections. A steel loading frame-that is, a spreader with two loading points spaced at a distance of 965 mm (38 in.)-was placed on the deck slab at midspan. An actuator with a maximum loading capacity of 889.64 kN (200 kip) was used to apply load at the center of the spreader. A load cell with a capacity of 889.64 kN (200 kip) was connected to the actuator to record the applied load. To prevent the possible twist that might be caused during the loading process, custom-made steel guides were installed around the beam at both quarter-span points and beam ends. The test setup for the control beam is shown in Fig. 4 .
The control beam was subjected to several loading and unloading cycles to separate the elastic and inelastic energies. These loading cycles were 13.34, 31.14, 35.59, 53.38, 66.72, 88.96, and 111.21 kN (3, 7, 8, 12 , 15, 20, 25 kip) and ultimate load cycle. Figure 5 shows the control beam during the fl exural load test. Different sensors were installed and used to analyze the behavior of the bridge model according to the test program. The test program for the bridge model consisted of the fl exural performance, decompression and cracking load, and ultimate load tests.
In the fl exural performance test, each beam of the bridge model was loaded at quarter-span and midspan with a single point load of 66.72 kN (15 kip). Linear motion transducers were installed at both quarter-span and midspan to measure the defl ections of the beams under different loading cases.
In the decompression load test, a 1.22 m (48 in.) long spreader was used to load the bridge model at midspan. Linear motion transducers were installed at the midspan of the bridge model to monitor and record the defl ection. Strain gauges were attached at the bottom surface of the center beam at midspan to determine the decompression load.
In the ultimate load test, the bridge model was loaded using a steel square tube with a length of 1.22 m (48 in.) mounted at the midspan covering the center beam and its two adjacent beams, as shown in Fig. 6 . The strain gauges installed on the CFCC strands, linear motion transducers 
RESULTS AND DISCUSSION
The control beam failed with an ultimate load-carrying capacity of 162.05 kN (36.43 kip) and a corresponding defl ection of 292 mm (11.5 in.). The ultimate load-carrying capacity of the control beam is in close agreement with the designed value of 164.58 kN (37 kip) using the Unifi ed Design Approach proposed by Grace and Singh 6 (important steps in the design procedure are shown in the Appendix * ). Because the control beam was over-reinforced with a * The Appendix is available at www.concrete.org in PDF format as an addendum to the published paper. It is also available in hard copy from ACI headquarters for a fee equal to the cost of reproduction plus handling at the time of the request. reinforcement ratio of 0.0046 (the balanced reinforcement ratio for the section was calculated as 0.00196), a compression-controlled fl exural failure initiated by the concrete crushing at the midspan was observed. The loaddefl ection behavior of the control beam experienced a bilinear response, as shown in Fig. 7 , with cracking load of 28.91 kN (6.5 kip). The load-strain responses of the top and bottom layers of the CFCC prestressing strands also experienced a bilinear response, as shown in Fig. 8 . However, the strain gauges on the strands stopped functioning at a load of 62.28 kN (14 kip). The CFCC prestressing strands were further examined after the beam failure and no damage was experienced. Meanwhile, the load-strain response of the extreme compressive concrete fi ber was also recorded, as shown in Fig. 9 . The maximum strain experienced by the extreme compressive concrete fi ber was 2000 με at failure.
The ductility of the control beam was evaluated by the energy ratio, which was calculated using the energy-based approach.
11 Accordingly, the failure of a structure is defi ned as brittle failure if the energy ratio is lower than 70%. Therefore, the failure of the control beam was defi ned as a brittle failure with an energy ratio of 46.88%, as shown in Fig. 10 . However, a suffi cient warning prior to the failure A signifi cant number of diagonal cracks were observed in the shear zone (between the loading points and beam ends) of the control beam. Details of the cracks mapped at different load levels are shown in Fig. 11 . As the control beam was designed to have a fl exural failure, adequate CFCC stirrups were provided to avoid any premature shear failure. Therefore, the widths of the cracks were insignifi cant and the maximum width of the shear cracks was approximately 0.2 mm (0.009 in.) at a corresponding load of 111.21 kN (25 kip). Thus, the CFCC stirrups provided in the AASHTO I-beams in the desired bent shapes served the intended purpose satisfactorily.
The strain responses of the CFCC stirrups at DEMEC Station 2 were recorded and compared to the estimated values using ACI 440.4R-04 7 and ACI 318-05 12 approaches, as shown in Fig. 12 . It can be seen that both the shear design approaches proposed by ACI 440.4R-04 7 and ACI 318-05 12 conservatively predicted the strains of the CFCC stirrups at a load of 111.21 kN (25 kip). However, the estimated strain responses of the CFCC stirrups using the approach proposed by ACI 440.4R-04 7 were closer to the actual strains experienced as compared to those estimated using ACI 318-05. 12 Furthermore, the maximum strain of the CFCC stirrups measured at DEMEC Station 2 was 500 με, which was less than the ultimate strain of the CFCC stirrups (756 με). This fact signifi es adequate strength of the CFCC stirrups during the fl exural load test. The shear failure load for the control beam, predicted based on the strains experienced, was 178 kN (40 kip).
As mentioned previously, the test program conducted on the bridge model included the fl exural performance test, decompression and cracking load test, and ultimate load test. In addition, the fl exural performance test was repeated after the decompression and cracking load test to examine the behavior of the bridge model at the cracked stage.
The decompression and cracking load test was conducted to determine the effective prestress and the cracking load of the bridge model. During the test, the bridge model was subjected to a single point load positioned on a 1.22 m (48 in.) long spreader located on the center beam (B-3) at midspan. The fi rst fl exural crack was observed at the bottom of Beam B-3 at the midspan with the corresponding load of 104.53 kN (23.5 kip). The bridge model was then unloaded to allow installing a set of four strain gauges at both sides of the initial fl exural cracks. Upon completing the installation, the bridge model was reloaded. The strain of the bottom concrete fi ber increased proportionally to the applied load immediately after the reloading started. When the stress of the bottom concrete fi ber approached zero, however, the strain stopped increasing and remained constant as the load applied on the bridge model was still increasing, as shown in Fig. 13 . The decompression load determined through the load-strain response of the bottom concrete fi ber was 57.83 kN (13 kip). The overall prestress loss was subsequently calculated as 11% based on the decompression load, which is less than the typical 15% prestress loss, as usually reported for beams prestressed using steel strands. 13 At the end of the test, the bridge model was loaded up to 266.89 kN (60 kip) to allow the development of the fl exural cracks. The fl exural performance test was then repeated after the bridge model was extensively cracked.
The ultimate load test was conducted by applying a uniformly distributed load on a 1.22 m (48 in.) long and 152 mm (6 in.) wide steel square tube placed across the bridge model at the midspan. After several loading and unloading cycles, the bridge model failed at a load of 689.47 kN (155 kip) with the corresponding defl ection of 240 mm (9.45 in.) at center beam, B-3. This ultimate loadcarrying capacity of the bridge model was in close agreement with the designed 6 value of 733.96 kN (165 kip). The failure was initiated by concrete crushing at top compression fi bers at the midspan of the bridge model, and the CFCC prestressing strands were still intact after the bridge model failed. The load-defl ection behavior of the bridge model, as shown in Fig. 14 , showed bilinear response due to the concrete cracking, similar to what was observed in the control beam. The load-strain response of the extreme compressive concrete fi ber for the bridge model was also recorded, as shown in Fig. 15 . The maximum concrete strain reached by the extreme fi ber was 2520 με in compression. The strain responses of the CFCC strands in the bridge model were monitored throughout the test. The load-strain responses of different layers of the CFCC strands and the extreme compressive concrete fi ber during the ultimate load cycle are shown in Fig. 16 . The maximum strain reached by the bottom prestressing strands was 10,000 με, which was 66.7% of the ultimate strain for the CFCC strands (15,000 με). This fact suggests that perhaps a higher pretensioning force can be applied to increase the cracking load.
The energy ratio of the bridge model was 26.67%, which was calculated using the energy-based approach, 11 as shown in Fig. 17 . Although the ductility of the bridge model was low in the terms of the energy ratio and the excessive defl ection and extensive cracks experienced, the bridge model provided signifi cant warning before failure.
CONCLUSIONS AND RECOMMENDATIONS
This paper presents an experimental investigation addressing the application of CFRP strands in prestressed AASHTO I-beams and bridges. The ACI 440.4R-04 7 design 2. The maximum strain of the CFCC stirrups measured at the shear-critical sections was 500 με, which was less than the ultimate strain of 756 με. This demonstrates the excellent performance of the CFCC stirrups in resisting the shear load experienced by the AASHTO I-beams.
3. The calculated strain of the CFCC stirrup using ACI 440.4R-04 7 approach was conservative as compared to the experimental value experienced at the load of 111.21 kN (25 kip). This fact further indicates that ACI 440.4R-04 7 shear design approach can be adequately used in the design of the AASHTO I-beams using CFCC stirrups.
4. An 11% prestress loss was calculated through the decompression test conducted on the bridge model, which is less than the typical 15% prestress loss, as traditionally reported for beams prestressed using steel strands. This further demonstrates the excellent performance of the CFCC strands in prestressed concrete AASHTO I-beams.
5. The CFCC strands were not damaged after the failure of the control beam and the bridge model. The maximum strain experienced by the prestressing CFCC strands was 66.7% of the ultimate strain. Therefore, a higher pretensioning force may be recommended to be applied on the CFCC prestressing strands.
6. The energy ratios of the control beam and bridge model were 46.88% and 26.67%, respectively. These values classifi ed the failures of both the control beam and bridge model as brittle failure. 11 However, the excessive defl ections and the extensive cracks provided suffi cient warning 
